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Introduction
Luminescent trivalent lanthanoid complexes present characteristic intraconfigurational f-f transitions that result in line-like emission profiles and relatively long-lived excited state lifetime decays. Depending on the specific lanthanoid ion, the emission ranges from the visible to the near-infrared (NIR) spectral region. Particular interest in emission from lanthanoid complexes has arisen due to their wide range of applications from bioimaging to night vision technologies and telecommunication signalling. [1] [2] [3] [4] [5] However, since f-f transitions are parity-and often spin-forbidden, the use of antenna chromophores is required to enhance their luminescence efficiency. In order to have an effective sensitisation and prevent back energy transfer, the lowest triplet state of the antenna needs to lie at ~3,500 cm -1 above the emitting excited states of the lanthanoid. 6, 7 Furthermore, high energy oscillators in close proximity to the metal centre, such as O-H, N-H and C-H, are able to quench the NIR and visible lanthanoid emitting states. 8 Therefore, extra effort in the design of the lanthanoid emitters has been made in order to favour the energy transfer from the antenna and minimise non-radiative decay pathways. [9] [10] [11] β-Diketonates have been extensively studied because they strongly bind trivalent lanthanoid ions while being able to sensitise their emission according to their chemical nature. A variety of different structural motifs incorporating β-diketonates can be found in the literature over the last couple of decades. [12] [13] [14] [15] [16] Various strategies have been followed to improve the luminescence properties of the NIR lanthanoid complexes by means of reducing non-radiative decay pathways. These include the perfluorination and deuteration of the β-diketones, extending their π conjugated systems and, in particular, the use of an ancillary ligand in order to replace coordinating solvent molecules. 14, 15, [17] [18] [19] In our previous work, we have reported unusual and improved photophysics for the NIR emitters based on the use of β-triketonates as sensitisers. This characteristic motivated us to further investigate β-triketonates as sensitisers for lanthanoid luminescence.
β-Triketonates are of interest because the additional ketone Odonor atom permits the formation of multinuclear metal assemblies. Our previous studies [20] [21] [22] with tribenzoylmethanide (tbm) and tris(4-methylbenzoyl)methanide (mtbm) ligands showed that tetranuclear assemblies formed upon reaction of these ligands with various lanthanoid salts and in the presence of alkali 3 ] complexes. Fortunately, in this case, similarities in composition and structure between the β-diketonate and β-triketonate complexes were found, making it possible to compare more closely their photophysical properties. The monomeric complexes have been studied by absorption and emission spectroscopies. Furthermore, an adapted method was followed for the calculation of the overall quantum yields for the NIR emitters, providing full characterisation of their photophysical properties. The results show only a small enhancement for the NIR β-triketonatebased complexes, suggesting that structural and composition factors must be considered to explain the unusual properties of the previously reported tetranuclear complexes.
Experimental

General procedures
All reagents and solvents were purchased from chemical suppliers and used as received without further purification. The ligand precursor 2-benzoyl-1,3-diphenyl-1,3-propandione (tribenzoylmethane -tbmH) was prepared as previously reported. 20 Hydrated LnCl 3 (Ln = Eu
3+
, Er 3+ and Yb
) were prepared following a previously reported method by the reaction of the corresponding Ln 2 O 3 with hydrochloric acid. 23 Infrared spectra (IR) were recorded on solid state samples using an Attenuated Total Reflectance (ATR) Perkin Elmer Spectrum 100 FT-IR. IR spectra were recorded from 4000 to 650 cm -1 ; the intensities of the IR bands are reported as strong (s), medium (m), or weak (w), with broad (br) bands also specified. Melting points were determined using a BI Barnsted 
Selected Equations
In the case of trivalent europium, the value of the radiative lifetime (τ R ) can be calculated using Eqn 1, The intrinsic quantum yield (Ф ୬ ୬ ) can be calculated using Eqn.
2, 24 where τ obs is the observed excited state lifetime decay.
The sensitisation efficiency (η sens ) can be determined using Eqn.3:
Overall quantum yields (Ф ୬ ) in solution can be calculated using the optically dilute method proposed by Crosby and Demas 27 , following Eqn 4:
where Ф ref is the photoluminescence quantum yield of the reference, I is the integrated area under the emission spectrum, A is the absorbance and n the refractive index.
Photophysical Measurements
Absorption spectra were recorded at room temperature using a Perkin Elmer Lambda 35 UV/Vis spectrometer. Uncorrected steady-state emission and excitation spectra were recorded using an Edinburgh FLSP980-stm spectrometer equipped with a 450 W xenon arc lamp, double excitation and emission monochromators, a Peltier-cooled Hamamatsu R928P photomultiplier (185-850 nm) and a Hamamatsu R5509-42 photomultiplier for detection of NIR radiation (800-1400 nm). Emission and excitation spectra were corrected for source intensity (lamp and grating) and emission spectral response (detector and grating) by a calibration curve supplied with the instrument.
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Excited-state decays (τ) were recorded on the same Edinburgh FLSP980-stm spectrometer using a microsecond flashlamp. The goodness of fit was assessed by minimising the reduced χ 2 function and by visual inspection of the weighted residuals. Experimental uncertainties are estimated to be ±10%.
To record the luminescence spectra at 77 K, the samples were placed in quartz tubes (2 mm diameter) and inserted in a special quartz Dewar filled with liquid nitrogen. All the solvents used in the preparation of the solutions for the photophysical investigations were of spectrometric grade.
Synthesis
The 
PMMA materials
The lanthanoid complexes were dispersed into PMMA samples as described previously.
30
Crystallography
Crystallographic data for the structures were collected at 100(2) K on an Oxford Diffraction Gemini or Xcalibur diffractometer fitted using Mo Kα or Cu Kα radiation.
Following absorption corrections and solution by direct methods, the structures were refined against F 2 with fullmatrix least-squares using the program SHELXL-97 or SHELX-2014. 31 Unless stated below, anisotropic displacement parameters were employed for the non-hydrogen atoms and hydrogen atoms were added at calculated positions and refined by use of a riding model with isotropic displacement parameters based on those of the parent atom. 
Results and discussion
Tribenzoylmethane (tbmH) was synthesised according to a literature procedure, 20 whereby dibenzoylmethane (dbmH) was reacted with benzoyl chloride and NaH in dry diethyl ether. Previous methods for the synthesis of β-triketonate complexes present two alternatives: the use of alkali hydroxides to form the tetranuclear assemblies, [20] [21] [22] The previously reported [Ln(phen)(dbm) 3 ] complexes were prepared following a slightly modified procedure. 33 Reaction of dbmH, phen, and hydrated LnCl 3 with triethylamine in ethanol at 50 °C resulted in pale yellow solids, which were filtered, washed with ethanol and dried in vacuo. The formulation of the resulting solids was supported by elemental analysis, with the consistent inclusion of one equivalent of water, presumably incorporated from atmospheric water upon isolation of the crystals from solution.
X-ray diffraction studies
The . The similarities between the excitation spectra and the absorption profiles of the tbm/dbm ligands and phen ligands support the conclusion that the emission from the lanthanoid cations originates through sensitisation from the coordinated ligands (see Supporting Information). Given the large energy difference between the energy of the 3 The measurements were performed on neat solids or with the complexes dispersed within a transparent PMMA matrix following a previously reported procedure. 30 The obtained data were also compared with measurements performed in ca. The [Eu(phen)(tbm) 3 ] excited state decay was found to be monoexponentional (see Supporting Information), giving an excited state lifetime (τ obs ) value of 0.55 ms. The radiative decay (τ R ) could be estimated from the emission spectrum to be 1.03 ms. From these data, the intrinsic quantum yield (Φ ୬ ୬ ) was calculated to be 53%. The overall quantum yield was measured to be 45% by an absolute method using an integrating sphere, leading to a sensitisation efficiency (η sens ) of 82%. This value is slightly improved in comparison to our previous report on the assemblies that involved only tbm ligands (~70%), 21 and thus may be due to more efficient sensitisation via the phen ligand upon excitation at 350 nm. The values of τ obs , τ R , and Φ ୬ ୬ for the [Eu(phen)(dbm) 3 ] were found to be very similar to the tbm complex at 0.48 ms, 0.96 ms and 50%, respectively, with an overall quantum yield (Φ ୬ ) of 55% and a virtually quantitative sensitisation efficiency, within experimental error, associated with the quantum yield measurement. These data indicate that the introduction of the extra ketone group at the α-carbon of the β-diketone does not significantly affect the emission behaviour for Eu 3+ complexes, and the photophysical properties for the β-diketonate and β-triketonate complexes are comparable. This is not surprising, as the α-CH bond is not an efficient quencher of the 5 D 0 excited state.
As both systems behave similarly across every medium, and the data for the [Eu(phen)(dbm) 3 ] are in agreement with the literature, 33 only the photophysical properties of the [Eu(phen)(tbm) 3 ] complexes will be discussed from here on. The [Eu(phen)(tbm) 3 ] complex in dichloromethane solution at room temperature shows characteristic emission from the Eu 3+ 5 D 0 state, similar to the spectrum observed in PMMA. All the emission lines were less defined due to higher degrees of freedom of the ligands in solution at room temperature. However, when the solution formed a glass at 77 K, the emission structure was similar to that observed in PMMA with no significant changes. 3 ] at room temperature were determined to be 1.16 and 0.87%, respectively, by the dilute method using [Yb(phen)(tta) 3 ] as the reference. 28 The values of the quantum yields are slightly lower than in the solid state probably due to a less efficient sensitisation process, as was seen to a greater degree for the Eu 3+ complexes. These data suggest that energy migration between the lanthanoid centres does not affect the photophysical properties of the complexes in the neat solids.
These results indicate that the additional ketone group at the α-carbon of the β-diketone has an effect on the emission behaviour for Yb 3+ complexes, and the photophysical properties for the β-triketonate complexes are slightly enhanced. That is not surprising because the α-CH bond is an efficient quencher of the 2 F 5/2 excited state. However, the values found for the monomeric species do not rival the photophysics of the previously reported tetranuclear assemblies, suggesting that the assemblies present an environment strongly protected from multiphonon relaxation.
Conclusions
We 3 ] complexes, in order to better understand the effect on the photophysical properties of the replacement of the α-CH in β-diketonates with an additional ketone functional group to give β-triketonates.
The emission profiles, excited state lifetimes and quantum yields for Eu 3+ revealed similar behaviour for both systems.
Particularly short lifetimes were found in solution, suggestive of efficient deactivation pathways of the excited states via non-radiative decay. On the other hand, a small enhancement was observed for Yb 3+ moving from the dbm to the tbm system, probably because of reduced multiphoton quenching. However, these values do not rival the photophysical properties of the previously reported assemblies 20-22 , suggesting that simply replacing β-diketonates with β-triketonate ligands in similar complex structures is not likely to enhance photophysical properties. The remarkable properties of the tetranuclear assemblies presumably are linked to other factors that arise from their structure and composition.
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